To study the controversial role of cytomegalovirus (CMV) in glioblastoma, we assessed the effects of murine CMV (MCMV) perinatal infection in a GFAP-cre; Nf1
Introduction
Recent cancer genome studies have identified frequent genetic alterations in human glioblastomas (1, 2), the most common and aggressive glioma with a dismal prognosis (3) . The causal role of several combinations of genetic mutations in glioblastoma formation have been shown in mice (4), although the mechanism by which these genetic alterations induce glioblastomas is not known. Several studies have shown the presence of CMV in glioblastoma (5) (6) (7) (8) (9) , suggesting that the virus may participate in tumor pathogenesis. This remains controversial because other studies dispute the association between CMV and tumor (10) (11) (12) . In addition, CMV has not been proven oncogenic, although CMV can deregulate cancerrelated signaling (13) (14) (15) . To date, no reports have investigated how intact CMV can contribute to glioblastoma in an animal model.
HCMV is a large DNA b-herpesvirus that infects 40% to 100% of adults with a majority of infections occurring during the first year of life (16) . It infects a wide range of tissues including the brain (17) . Primary infection in immunocompetent humans is typically asymptomatic and eventually subsides into latency or low-level persistent infection in many cells, including brain cells. Murine CMV (MCMV) and HCMV share significant functional similarities, making MCMV an accepted model for HCMV infection and pathogenesis (18, 19) . Following acute primary infection in immunocompetent hosts, both HCMV and MCMV become latent and are reactivated by inflammation and immune suppression. Like HCMV, MCMV is neurotropic, and it has been used to study neuropathogenesis (20) .
To investigate the role of CMV in glioblastoma, we infected physiologically relevant neurosphere culture and mouse models with CMV. Here, we report that CMV infection contributes to malignant gliomas, likely through STAT3 signaling.
Materials and Methods

Cell culture and virus preparation
We cultured NIH/3T3 mouse fibroblasts (American Type Culture Collection) in Dulbeccos' Modified Eagle Media (DMEM) with 10% bovine calf serum and human foreskin fibroblasts (HFF) in DMEM with 10% FBS. We maintained the cultures with penicillin (100 U/mL) and streptomycin (10 mg/mL). MCMV lacking the m157 gene (21) , MCMVluciferase (22) , and HCMV TR clinical strain (23) were kindly provided by Ulrich Koszinowski (Ludwig-MaximiliansUniversitat, Munich, Germany), Michael Mach (Institute for Clinical and Molecular Virology, University Hospital, Erlangen Germany), and Elizabeth Fortunato (University of Idaho, Moscow, ID), respectively. We cultured MCMV and HCMV in NIH/3T3 and HFF cells, respectively, and measured viral titer as previously described (21, 22, 24) . HSV1 was cultured and tittered in vitro as previously described (25) .
In vitro virus infection and analysis
Neurosphere cultures from patient-derived glioblastomas (146, 157, and 112310) were kindly provided by I. Nakano (Ohio State University Medical Center, Columbus, OH; ref. 26) . We established and maintained neurosphere cultures from mouse subventricular zone (SVZ) as previously described (27, 28) , except using EGF from Daewoong Pharmaceutical Co., Ltd and TrypLE (Invitrogen). For infection, we seeded cells in 6-well plates and treated with CMV or mock (purified extract from uninfected fibroblasts) the next day. We infected mouse SVZ neurospheres with MCMV [multiplicity of infection (MOI), 1.0] or patient-derived human glioblastoma neurospheres with HCMV (MOI, 1.0) for 2 days. We harvested the cells at specific time points with radioimmunoprecipitation assay (RIPA) buffer (150 mmol/L NaCl, 50 mmol/L Tris, 1% NP-40, 0.1% SDS, 0.5% SDS) for protein lysates. We conducted Western blotting as previously described (29) . Primary antibodies used were against HCMV IE1, HCMV pp65 (Abcam), p-STAT3, STAT3 (Cell Signal Technology), a-tubulin (GE Healthcare), or b-actin (Sigma). To quantify proliferation, we used a colorimetric MTS assay (Promega) according to manufacturer's protocol. Absorbance was measured 4 hours after addition of substrate. In addition, we used Countess Cell Counter (Invitrogen) according to manufacturer's protocol, as an additional way to quantify proliferation. To assess the effect of STAT3 activation, we treated glioblastoma neurospheres with 0.5 mmol/L of Stattic (Tocris Bioscience) dissolved in dimethyl sulfoxide (DMSO; final 0.1%) 5 hours after plating as well as when new media were added.
Mice, virus infection, and bioluminescence imaging
All mouse experiments and care were approved by the Institutional Animal Care and Use Committee of The Ohio State University. We bred Mut3 male mice (27) with B6CBAF1/J females (The Jackson Laboratory) to generate Mut3 mice. We bred the mice in a CMV-free animal vivarium and transferred pregnant females to an isolated vivarium that tolerated CMV infection. We intraperitoneally injected postnatal day 2 (P2) mice with 10 3 plaque-forming units (pfu) of MCMV Smith strain in 100 mL of PBS or PBS only (mock). Additional mice received 10 3 pfu of HSV1 F strain (30) via intraperitoneal injection in 100 mL of PBS. To prevent virus spreading, we housed MCMV-and mockinfected mice on separate sides of a mouse cage rack, always handled mock-infected mice before the virus-infected mice, and changed cages on different days. Both groups of virusinfected mice were never handled on the same day. We genotyped the mice between P9 and P12 as described (27) and confirmed the genotypes after harvesting their tissues. For bioluminescence imaging (BLI), we injected a small cohort of P2 mice with 1.5 Â 10 3 pfu of MCMV-luciferase. We injected MCMV-luciferase mice with luciferin (10 mg/kg) 20 minutes before BLI. After anesthetizing the mice with a mixture of isofluorane and oxygen, we placed them supine in a Xenogen IVIS imager Model FA 448 (Caliper Life Sciences) to assess luciferase activity under manufacturer's instruction. We conducted BLI on the same mice each week until luciferase activity disappeared.
MCMV PCR, ELISA, and, plaque formation assay After deeply anesthetizing mice by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (20 mg/kg) mixture, we obtained approximately 0.5 mL of blood sample via the facial vein. We then intracardially perfused the mice with ice-cold PBS and immediately dissected out the ear, salivary gland, cerebellum, cerebral cortex, subventricular zone, and hippocampus. We purified gDNA from the tissues using a DNeasy kit (Qiagen) and assessed MCMV glycoprotein B (GB) gene by PCR using the primers in Supplementary  Table S1 . We also extracted serum from the blood samples and assessed CMV seroconversion by using a MCMV ELISA kit (XpressBio) under manufacturer's instructions. For plaque formation assay, after deeply anesthetizing mice by the ketamine and xylazine mixture, we decapitated mice and aseptically removed the brain. We sagittally divided the brain, placed in a preweighed vial containing DMEM, and sonicated at full power for 15 seconds to disrupt the tissue. We plated resulting lysate in 10-fold dilutions on confluent NIH/3T3 and conducted plaque formation assay as previously described (21) . To isolate total RNA, we processed whole brain tumors from symptomatic mice using RNeasy Lipid Tissue Kit (Qiagen). DNA was removed using oncolumn DNase degradation. We synthesized cDNA from 1 mg of total RNA and carried out reverse transcriptase (RT)-PCR. Samples without RT enzyme were used as negative control to ensure that there was no DNA contamination.
Syngeneic orthotopic and ectopic mouse model of glioblastoma
We deeply anesthetized 8-week-old female B6CBAF1/J mice (Jackson Laboratory) by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (20 mg/kg) mixture and positioned them on stereotactic injection frames. After locally shaving hairs on the head, we drilled a small hole and injected 1.0 Â 10 5 of neurosphere-forming glioblastoma cells into the striatum. The stereotactic coordination of intracranial injection was 0.5 mm anterior, 2.0 mm lateral to the bregma, and 2.75 mm intraparenchymally. We sacrificed the mice either 4 weeks after the injection or when they showed a neurological symptom of brain tumor as previously described (27) . For the ectopic model, 8-week-old athymic mice (National Cancer Institute, Bethesda, MD) were temporarily anesthetized with isofluorane. Two hundred fifty thousand human brain tumor stem cells that were infected with HCMV (MOI, 1.0) or mock-infected for 1 week were injected into flanks of mice in an equal volume of Matrigel (BD Biosciences) for a total volume of 200 mL. After tumors were palpable, they were measured every 4 days with calipers. Volume of tumor was determined via this formula: (p/6)length Â width 2 .
Histology
After anesthetizing mice by the ketamine and xylazine injection, we intracardially perfused the mice with ice-cold PBS followed by 4% paraformaldehyde (PFA), immediately dissected out the brain, and post-fixed in 4% PFA overnight. We then cut the brain into sagittal halves, processed for paraffin embedding, and cut into 6-mm sections. We stained every fifth section with hematoxylin and eosin. Boardcertified neuropathologists who were blinded to infection status evaluated the slides for tumor and any other abnormalities. We conducted immunohistochemistry (IHC) as previously described (27) (28) (29) 31) . To assess MCMV immunoreactivity, we used a polyclonal antibody against CMV that did not detect CMV-mediated Fc-like receptor (Supplementary Fig. S1 ). Antibodies used were against CMV (chicken, Virusys), MCMV IE1 (Croma 101 antibody; ref. 32; mouse, from Stipan Jonjic, University of Rijeka), GFP (chicken, Aves lab), Dcx (goat, Santa Cruz Biotechnology), CD45 (mouse, BD Pharmingen), or p-STAT3 (rabbit, Cell Signaling Technology). We used MOM detection kits (Vector Laboratories) when mouse-derived antibodies were used. When Croma101 antibody was used, we specially processed tissue sections as described (7), including pepsin treatment and blocking for avidin and biotin, and used a Fab fragment of secondary antibody against mouse IgG (Jackson Immunoresearch). To assess specificity of chicken anti-CMV antibody, we treated the sections with Fc receptor blocker (Innovex Biosciences), according to manufacturer's instruction. For p-STAT3 IHC, we additionally added SignalStain Enhancer (Cell Signaling Technology) for 40 minutes to detect primary antibody. We captured microscopic images by using Olympus BX51 microscope (Olympus America Inc.) equipped with DP72 camera, DP2-BSW S/W, and X-cite 120Q fluorescence lamp (Lumen Dynamics). For high-resolution analysis (1-mm optical slice, 8-mm Z-stack), we captured images with Zeiss LSM510 confocal microscope system (Carl Zeiss Inc.) equipped with 63Â oil-immersion lens. We counted MCMV-, p-STAT3-, or proliferating cell nuclear antigen (PCNA)-positive cells in 3 or 4 0.44 Â 0.33 nm 2 fields by using MetaMorph software (Universal Imaging Corporation) and displayed as mean AE SEM.
Statistical analyses
Mouse survival data were plotted (Kaplan-Meier survival curves) and analyzed using log-rank test in GraphPad Prism S/W (GraphPad Software, Inc.). For the in vitro assays, we used 2-sample Student t test or one-way ANOVA when more than 2 groups were compared. All error bars indicate SEM.
Results
Perinatal MCMV infection leads to viral infection in mouse brain
To test a potential role for CMV in glioblastoma pathogenesis, we used the Mut3 mouse model (GFAP-cre; Nf1 loxP/þ ; Trp53 À/þ ), which spontaneously develop high-grade astrocytomas (World Health Organization's grade III anaplastic astrocytoma and grade IV glioblastoma) with almost complete penetrance by adulthood (28) . We infected Mut3 and wildtype (wt) mice with a nonlethal dose of MCMV-Dm157 strain or MCMV-luciferase on postnatal day 2 (P2). MCMV-infected mice were behaviorally and symptomatically indistinguishable from mock-infected mice before tumor development. We detected MCMV-specific glycoprotein B (GB) gene in multiple tissues, including the brain, from MCMV-but not mockinfected mice (Fig. 1A) . At 3 weeks of age, scattered MCMV immunoreactivity was evident in multiple brain regions in MCMV-, but not mock-infected brains (Fig. 1B, top) . MCMVimmunopositive brains exhibited inflammatory infiltrates (Fig.  1C) , and a majority of MCMV-immunoreactivity was in CD45þ leukocytes (Fig. 1D ). Brain extracts from MCMV-infected mice formed plaques in 3T3 cells (Fig. 1E) , indicating MCMV replication. By 7 weeks of age, MCMV-immunopositive cells were mainly restricted to a few brain regions, including the hippocampus and SVZ (Fig. 1B, bottom) . BLI of mice infected with MCMV-luciferase showed a generalized loss of MCMV-mediated gene expression by P57 (Fig. 1F) . These data were consistent with an initial level of active MCMV infection/inflammation in brain, followed by loss of MCMV gene expression at later time points.
Perinatal MCMV infection specifically shortens the survival of Mut3 mice We next determined the outcome of perinatal MCMV infection of Mut3 mice. MCMV-infected Mut3 mice died significantly earlier than mock-infected Mut3 mice both as a group and in the subset of mice with confirmed gliomas (Fig. 2A) . Infection of mice with HSV1, another neurotropic herpesvirus, did not significantly alter survivorship. A majority of gliomas in MCMV-infected Mut3 mice were glioblastomas with necrosis and increased microvascular density (Fig. 2B and Supplementary Table S2 ). MCMV-infected wt mice did not develop brain tumors, nor did they live less than mock-infected wt mice (data not shown). IHC and RT-PCR showed that gliomas from MCMV-infected mice contained MCMV immunoreactivity (Fig. 2C) and GB gene expression (Fig. 2D ), which were not detected in tumors from mock-infected Mut3 mice. These findings indicated that MCMV shortened survival in the context of Mut3 mutations.
The MCMV-infected brain microenvironment influences glioblastoma survival. The Mut3 mouse data showed MCMV presence in brain CD45 cells before glioma development. This suggested that the brain environment in MCMV-infected mice was influencing the timing of glioma formation/progression. To examine this, we used a syngeneic orthotopic model. Intracranial injection of Nf1:Trp53:Pten mouse glioblastoma cells (27) into the striatum of wt mice recapitulates glioblastoma histology (33) . We infected wt (same strain as Mut3) mice with mock or MCMV at P2 and intracranially injected MCMV-free mouse glioblastoma cells (27) at 8 weeks of age. MCMV-infected wt recipients died significantly earlier than control (Fig. 3A) . Mean survival was decreased by 1.8 weeks, an approximately 19% shortened survival similar to data from Mut3. Symptomatic mice in both groups died with glioblastomas (not shown). MCMV immunoreactivity co-localized with CD45-positive leukocytes in tumors from MCMV-but not mock-infected mice (Fig. 3B) . Representative data from n ¼ 3 per group are shown. Bl, blood; SG, salivary gland; Cb, cerebellum; Hp, hippocampus; Cx, cortex. þ and À, gDNA from MCMV-infected and -negative cells, respectively. B, IHC data for CMV in the brains of mock-versus MCMV-infected mice. Representative data from n ¼ 3 per group are shown. Cx, cortex; CC, corpus callosum; Hp, hippocampus. Scale bar, 100 mm. C, top, IHC images show ectopic cellularity (blue, arrows) close to CMV-positive cells (red) in the cortex of 3-week-old wt mice infected with MCMV at P2, which were absent in mock-infected mice. Bottom, hematoxylin and eosin-stained brain sections adjacent to the sections in top images contained an inflammatory focus (arrow) in the MCMV mice, which was absent in mock-infected mice. Representative data from n ¼ 3 per group are shown. In brain sections containing both the dentate gyrus and SVZ, 3.67 AE 1.45 (mean AE SEM) of inflammatory foci were detected per section. Scale bars, 50 mm. D, confocal images of IHC for CMV and CD45 display immunoreactivity in the brains from 2-week-old wt mice. Cells double-positive for both CMV and CD45 are noted by arrows. Representative data from n ¼ 7-8 images on n ¼ 3 brains per group are shown. Scale bar, 10 mm. E, brain extract of 2-week-old mice infected with MCMV formed virus-induced plaques in 3T3 cells. There was no significant difference between wt and Mut3 (P ¼ 0.16). Error bars indicate SEM. Inset, a representative image of plaque formation (arrows) in 3T3 cells. Scale bar, 100 mm. No plaque was formed by brain extract of mock-infected mice (n ¼ 3 per group, not shown). F, bioluminescent live imaging on P17 and adult (P56) mice infected with MCMV-luciferase. Representative data from n ¼ 3 per group are shown. Scale bar, 1 cm.
STAT3 is considered a critical mediator of glioblastoma and its activation results in proliferation and cell-cycle progression (34) . To determine whether MCMV-infection altered STAT3 signaling in brains, we analyzed asymptomatic mice, 4 weeks after orthotopic injection of the tumor cells. At this stage, although gliomas were detected in the brain, the recipient mice did not exhibit behavioral abnormalities. We found a significant increase in p-STAT3 in tumors from MCMV-versus mock-infected asymptomatic mice (Fig. 3C) . Because enhanced STAT3 activation increases proliferation, we examined PCNA at this time point. PCNA was significantly elevated in glioblastomas from MCMV-versus mock-infected wt mice (Fig. 3D) . Increased glioblastoma proliferation as a function of p-STAT3 induced by MCMV suggests a potential mechanism for the observed acceleration of glioblastoma-induced death.
MCMV-mediated STAT3 activation in Mut3 mouse brains before glioma onset
We thus further tested whether perinatal MCMV led to STAT3 activation before glioblastoma detection in Mut3 mice. In vitro MCMV infection increased p-STAT3 levels in NSC cultures from 4-week-old, asymptomatic Mut3 mice (Fig. 4A) . In vivo, p-STAT3 was observed in the subgranular zone (SGZ) and SVZ of asymptomatic MCMV-infected Mut3 brains but not of mock-infected Mut3 or MCMV-infected wt brains of the same age (Fig. 4B) . The p-STAT3 immunoreactivity co-localized with a type A NSC marker Dcx (Fig. 4C) , indicating that MCMV infection can potentiate STAT3 activation in a cell type reported to give rise to glioma (4, 27, 28) . These data indicate that MCMV infection increased STAT3 activation in Mut3 mouse NSCs before glioma onset.
Human CMV infection specifically activates STAT3 in patient-derived glioblastoma neurospheres
The previous studies showed that MCMV increased STAT3 activation in Mut3 NSCs before glioma onset in association with increased proliferation of Mut3 glioblastomas. To determine human relevance, we used HCMV to infect human glioblastoma neurospheres. In vitro infection of patient-derived glioblastoma neurospheres with HCMV but not with a highly related virus herpes simplex virus 1 (HSV1) elevated p-STAT3 (Fig. 5A) . There was upregulation of HCMV IE1 and pp65 in infected patient-derived glioblastoma neurospheres, indicative of active replication (Fig. 5B ). There was a visible increase in the number and size of patient-derived glioblastoma neurospheres after HCMV infection (Fig. 5C) . Quantitatively, HCMV infection Cancer Researchsignificantly increased cell numbers in patient-derived glioblastoma neurospheres cultures (Fig. 5D ). These findings thus showed that HCMV also increased patient-derived glioblastoma neurospheres growth and was associated with STAT3 activation.
STAT3 inhibition blocks HCMV stimulation of patient-derived glioblastoma neurosphere growth Finally, we asked whether inhibition of STAT3 activation decreased the observed stimulation of HCMV on patientderived glioblastoma neurosphere growth in vitro and in vivo. Using 2 different patient-derived glioblastoma neurosphere lines, STAT3 inhibition significantly decreased the proliferation of HCMV-infected cells (Fig. 6A) . Ectopic mock-infected glioblastoma implants grew less than HCMV-infected ones, but STAT3 inhibition led to similar growth, indicating that STAT3 inhibition abolished the HCMV-mediated proliferative advantage (Fig. 6B) . STAT3 inhibition reduced the number of p-STAT3þ tumor cells (Fig. 6C) . These data provided evidence that STAT3 activation was a likely mechanism for the observed effect of CMV on glioblastoma growth.
Discussion
There has been considerable controversy related to the role of CMV in glioma formation/progression. Several report HCMV in nearly 100% of glioblastoma (6) (7) (8) . However, whether CMV is causal, inconsequential, or oncomodulatory remains unknown. In 2 glioma mouse models, we show that MCMV infection decreases mice survival by about 20%, a phenomenon not observed with another neurotropic virus. Analysis of tumors revealed CMV protein. Wt mice infected with MCMV did not develop gliomas and thus MCMV is not causal for tumors on its own. Instead, MCMV cooperates with tumor suppressor loss to accelerate glioma formation/proliferation. Therefore, these data indicate for the first time that a nononcogenic virus exhibits oncomodulatory effects in the context of a specific set of genetic mutations, at least in mice. This is the first animal model that uses the combination of CMV and tumor suppressor mutations to show their combined effect on glioma formation/progression.
We observed activation of STAT3 in vitro in human glioblastoma cells and neurosphere by HCMV. Pharmacologic inhibition of STAT3 with Stattic abrogated this enhanced proliferation. Analysis in an orthotopic model of glioma in MCMV-infected mice not only showed STAT3 activation in the tumor but also increased proliferation as evidenced by a significant increase in PCNA-positive cells. In vivo analysis of pretumorigenic MCMV-infected Mut3 mice reveal STAT3 activation that is not observed in agematched mock-infected Mut3 mice or MCMV-infected wt mice. Interestingly, STAT3 activation is seen in the NSC population, a cell type that has been shown to give rise to gliomas (28) . These data show that STAT3 activation may be a central mechanism through which CMV accelerates glioma formation/progression. Others have shown that STAT3 activation is critical for several glioblastoma phenotypes including cell proliferation (35) . HCMV-encoded chemokine receptor US28 activated STAT3 in U373MG glioblastoma cells, 3T3 and HEK293T cell lines, and increased proliferation of 3T3 cells (36) . Transgenic expression of the HCMV US28 gene in intestinal epithelial cells promoted neoplasia in mice (15) . In vitro, CMV infection of glioma "stem" cells and monocytes has been shown to induce a variety of signaling pathways including STAT3 (37) . In this study, for the first time, we provide evidence that CMV does upregulate STAT3 in vivo and that inhibition of STAT3 reverses the effects of CMV on glioblastoma growth in vivo. Currently, there are several STAT3 inhibitors being investigated in clinical trials (http://clinicaltrials.gov/). CMV-enhanced STAT3 activation provides a rational target as a therapeutic option for CMVpositive gliomas.
Our data suggest a mechanism whereby perinatal MCMV infection contributes to enhanced glioma formation, possibly through non-cell-autonomous effects on NSCs. This could be mediated through the observed increase in inflammatory cells, leading to increased STAT3 activation, a driver of increased aggressiveness of biologic behavior in gliomas. STAT3 activation in NSCs with tumor suppressor deficiency may provide an explanation for why an endemic CMV infection in humans results in only relatively rare cases of gliomas. Glioma formation in MCMV-free Mut3 mice and the absence of brain tumor in MCMV-infected wt mice clearly indicate that CMV alone is not causal for gliomagenesis. However, the endemic CMV infection in humans, detection of HCMV in most human patients with glioblastoma, and our data proving the role of CMV in glioblastoma cultures and in vivo models suggest that HCMV infection contributes to glioma onset/proliferation.
We have shown the first in vivo evidence that CMV is able to significantly modulate brain cancer in mouse models of glioma. CMV activates STAT3, which leads to an increase in proliferation of glioma and NSCs and ultimately a reduced survival of Mut3 and of an orthotopic mouse models. The described model of MCMV oncomodulation of enhanced gliomagenesis is significant to studying aspects relevant to gliomas such as immunomodulation and glioma formation as well as the use of anti-CMV therapies as a treatment for this tumor. It has been proposed that CMV reactivation by immunosuppression or inflammation may contribute to malignant gliomas (6, 8) . Our mouse models of MCMVmediated glioma will be useful tools to assess the relationship among CMV reactivation, immunomodulation, and malignant gliomas. In addition to glioblastoma, HCMV epitopes has been detected in several other cancer types, such as colon cancer (38) , breast cancer (39) , and medulloblastoma (40) . Our models of MCMV infection may be more widely applicable to the study of other cancers in mouse 
